The mitotic spindle checkpoint delays anaphase onset in the presence of unattached kinetochores, and efficient checkpoint signaling requires kinetochore localization of the Rod-ZW10-Zwilch (RZZ) complex. In the present study, we show that human Chmp4c, a protein involved in membrane remodeling, localizes to kinetochores in prometaphase but is reduced in chromosomes aligned at the metaphase plate. Chmp4c promotes stable kinetochore-microtubule attachments and is required for proper mitotic progression, faithful chromosome alignment, and segregation. Depletion of Chmp4c diminishes localization of RZZ and Mad1-Mad2 checkpoint proteins to prometaphase kinetochores and impairs mitotic arrest when microtubules are depolymerized by nocodazole. Furthermore, Chmp4c binds to ZW10 through a small C-terminal region, and constitutive Chmp4c kinetochore targeting causes a ZW10-dependent checkpoint metaphase arrest. In addition, Chmp4c spindle functions do not require endosomal sorting complex required for transportdependent membrane remodeling. These results show that Chmp4c regulates the mitotic spindle checkpoint by promoting localization of the RZZ complex to unattached kinetochores.
Introduction
The mitotic spindle checkpoint delays anaphase onset until all kinetochores are stably attached to microtubules emanating from opposing spindle poles (Lara-Gonzalez et al., 2012) . This mechanism provides more time for the cell to correct erroneous kinetochore-microtubule attachments and avoid possible chromosome missegregation and aneuploidy. Conserved components of the spindle checkpoint pathway include the Mad (Mad1, Mad2, and BubR1) and the Bub (Bub1 and Bub3) proteins. Accumulation of Mad and Bub proteins on unattached kinetochores is essential to prevent activation of the anaphase-promoting complex/cyclosome and delay mitotic exit, but the molecular details are incompletely understood (Funabiki and Wynne, 2013; London and Biggins, 2014b) .
Kinetochore localization of the Mad1-Mad2 heterotetramer is a major determinant of the spindle checkpoint activity (Maldonado and Kapoor, 2011; Kuijt et al., 2014) . Bub1 interacts with Mad1 to activate the spindle checkpoint in budding yeast and Caenorhabditis elegans (London and Biggins, 2014a; Moyle et al., 2014) . However, Mad1-Mad2 recruitment to kinetochores also requires the activity of the Rod-ZW10-Zwilch (RZZ) complex in metazoans (Buffin et al., 2005; Kops et al., 2005; Caldas et al., 2015; Silió et al., 2015) . The RZZ complex is mainly present in metazoans (Karess, 2005; Vleugel et al., 2012) , and cells lacking RZZ proteins are spindle checkpoint deficient (Basto et al., 2000; Chan et al., 2000; Williams et al., 2003) .
Despite its important role in spindle checkpoint signaling, how RZZ is targeted to kinetochores remains unclear. The Knl1-Zwint1 protein complex was initially proposed to recruit RZZ to kinetochores, and RZZ localization may be regulated by Aurora B-dependent phosphorylation of Zwint1 (Wang et al., 2004; Kops et al., 2005; Kasuboski et al., 2011; Varma et al., 2013) . Recently, it was shown that Knl1-Bub1 is also required for localization of the RZZ to kinetochores in HeLa cells independently of Zwint1 (Caldas et al., 2015) . Furthermore, there is evidence of a Knl1-and Bub1-independent mechanism for RZZ and Mad1-Mad2 kinetochore targeting in HeLa and human retinal pigment epithelial cells suggesting additional factors are involved (Caldas et al., 2015; Silió et al., 2015) . After chromosome biorientation at the metaphase plate, dynein transports RZZ and Mad1-Mad2 from kinetochores to the spindle poles via microtubules in a process called stripping, to silence the spindle checkpoint Wojcik et al., 2001) .
The endosomal sorting complex required for transport (ESC RT) machinery is required for biogenesis of multivesicular endosomes, viral budding, cytokinetic abscission, and sealing of the newly formed nuclear envelope during cell division (Hurley, 2015; Campsteijn et al., 2016) . These functions require membrane remodeling and scission and involve assembly of cytosolic components of the ESC RT-III subcomplex into helical filaments that constrict and cut membrane invaginations in conjunction with the ATPase Vps4 that is essential for disassembly of ESC RT-III spirals and is also likely to provide energy input for membrane neck constriction (Adell et al., 2014) . Chmp4c, an ESC RT-III component, is one of three human orthologues (Chmp4a, Chmp4b, and Chmp4c) of the yeast protein Snf7 that is involved in multivesicular body sorting (Hurley, 2015; Campsteijn et al., 2016) . In late cytokinesis, Chmp4c is phosphorylated at S210, and this phosphorylation is required for proper Chmp4c localization to the midbody to delay abscission (Capalbo et al., 2012; Carlton et al., 2012) . Furthermore, Chmp4c-recruitment to the midbody requires ALIX, another ESC RT protein that binds to Chmp4 components (McCullough et al., 2008; Christ et al., 2016) . However, a role for Chmp4c independent of membrane-directed activities has not been previously reported. In the present study, we show that Chmp4c regulates the mitotic spindle checkpoint by promoting localization of the RZZ complex to unattached kinetochores.
Results

Chmp4c localizes to kinetochores in prometaphase
Chmp4c localizes to kinetochores in prometaphase and to the midzone in anaphase in human colon carcinoma BE cells ( Fig. 1 A) . However, Chmp4c kinetochore staining was undetectable in early mitosis, before condensed chromosomes form a ring-like morphology (Petsalaki and Zachos, 2014) , and was diminished in chromosomes aligned at the metaphase plate compared with prometaphase cells or unaligned chromosomes ( Fig. 1, A -D) . The Chmp4c antibody used does not recognize Chmp4a or Chmp4b (Petsalaki and Zachos, 2016) , and depletion of endogenous Chmp4c by two different siRNAs located in the open reading frame (siChmp4c) or the 3′-untranslated region (siChmp4c-2) reduced Chmp4c kinetochore staining compared with controls ( Fig. 1 , A-C; and Fig. S1 A) , confirming the signal was specific. Also, Chmp4c was outside the centromere as revealed by staining for centromere protein (CENP)-B ( Fig. 1 E) . In cells treated with 3.32 µM nocodazole, which depolymerizes microtubules (Petsalaki and Zachos, 2014) , the endogenous Chmp4c or Chmp4c fused to GFP (Chmp4c :GFP) colocalized with ZW10 and formed crescent-like shapes at kinetochores suggesting that Chmp4c is part of the kinetochore outer domain (Fig. 1, F and G; and Fig. S1 B; . Furthermore, Chmp4c :GFP kinetochore staining was reduced after transfection with siChmp4c but not with siChmp4c-2 (Fig. 1, G and H) . Also, Chmp4c staining at kinetochores was diminished in cells treated with 1 µM taxol, which stabilizes microtubules (Petsalaki and Zachos, 2014) , compared with nocodazole-treated cells (Fig. S1 , B and C). These results suggest that Chmp4c functions at prometaphase kinetochores in the absence of spindle poisons or cells treated with nocodazole but not taxol.
Chmp4c-depletion induces chromosome alignment and segregation defects
To investigate Chmp4c functions, HeLa cells stably expressing H2B :RFP were examined by live-cell imaging. Live-imaging with the use of fluorescence microscopy showed that 20 of 46 (43%) Chmp4c-deficient cells entered anaphase with misaligned chromosomes and divided with missegregated chromosomes compared with 1 of 32 (3%) controls in these movies (Fig. 2, A and B;  and Videos 1 and 2). Also, live-imaging with the use of phase contrast showed that Chmp4c-depleted HeLa H2B :RFP cells entered anaphase in 65 ± 28 min (n = 173) after nuclear envelope breakdown (NEBD) compared with 45 ± 10 min in control cells (n = 137, ∼45% delay compared with controls), and most of the delay occurred in a metaphase-like state (Fig. 2 C; Fig. S1, D and E; and Videos 3 and 4) . Similarly, Chmp4cdepleted BE cells entered anaphase in 70 ± 22 min (n = 53) after NEBD compared with 47 ± 12 min in controls (n = 52, ∼49% delay compared with controls; Fig. S1 , F and G; and Videos 5 and 6). However, Chmp4c-deficient cells exhibited a similar rate of mitotic entry compared with controls ( Fig. S1 H) . These results show that Chmp4c-depletion delays anaphase onset.
In fixed samples, Chmp4c-deficient BE or HeLa cells treated with the proteasome inhibitor MG132 to block progression of mitosis beyond metaphase (Petsalaki and Zachos, 2014) exhibited increased chromosome misalignment compared with controls ( Fig. 2 D and Fig. S2 A) . Furthermore, Chmp4c-depletion was associated with increased chromosome missegregation and micronuclei formation compared with controls (Fig. 2, E and F; and Fig. S2 B) . Expression of Chmp4c :GFP, which is resistant to degradation by siChmp4c-2 but not GFP alone, rescued chromosome alignment and segregation defects after depletion of the endogenous Chmp4c compared with controls (Fig. 2, G and H; Fig. S1 A; and Fig. S2 C) . Chmp4c :GFP was expressed at approximate levels ninefold higher than the endogenous protein in control cells ( Fig. S1 A) but exhibited correct localization to kinetochores (Fig. 1 G) and the midzone (Fig. S2 C) and correct localization and function at the midbody (Petsalaki and Zachos, 2016) . These results show that Chmp4c is required for optimal mitotic progression, chromosome alignment, and segregation in human cells.
Chmp4c promotes stable kinetochoremicrotubule attachments
Metaphase-like delay and improper chromosome alignment may be the result of unstable kinetochore-microtubule attachments (Gaitanos et al., 2009 ). Chmp4c-deficient cells exhibited reduced cold-stable microtubule polymers (Sundin et al., 2011) compared with controls, suggesting that Chmp4c is required for robust kinetochore-microtubule attachments (Fig. 3, A and B; and Fig. S2 D) . Please note that, depending on how long cells were incubated in cold medium, cold-stable microtubules could also be detected in Chmp4c-deficient cells but were always found less often than in controls. However, depletion of closely related ESC RT-III subunits Chmp4a or Chmp4b by siRNA did not reduce cold-stable microtubules compared with controls, and Chmp4a :GFP or Chmp4b :GFP was undetected at kinetochores in prometaphase cells, suggesting that the mitotic functions described earlier in this section are specific for the Chmp4c isoform (Fig. 3, C and D; and Fig. S2, E and F) . Stable kinetochore-microtubule attachments promote strong pulling forces that cause spindle shortening and centromere stretching in metaphase (DeLuca et al., 2002; Emanuele and Stukenberg, 2007) . Metaphase-like spindles were ∼20% longer from pole to pole in Chmp4c-deficient BE cells (P < 0.001) and 40% longer in Chmp4c-deficient HeLa cells compared with controls ( Fig. S2 G) . Furthermore, the average centromere length in Chmp4c-deficient BE cells was 1.09 µm compared with 1.58 µm in controls and 0.83-µm resting centromere distance in cells treated with a concentration of nocodazole (3.32 µM) that depolymerizes all kinetochore-microtubules (Fig. 3, E and F; Petsalaki and Zachos, 2014) . These results suggest that pulling forces from kinetochore-microtubules are reduced in Chmp4c-deficient cells compared with controls. Expression of resistant WT Chmp4c :GFP or mutant GFP :Chmp4c -S210A, which is defective for the abscission checkpoint (Capalbo et al., 2012; Petsalaki and Zachos, 2016) but not GFP alone, rescued cold-stable microtubule polymers in GFP-positive cells after depletion of the endogenous Chmp4c by siChmp4c-2 compared with controls ( Fig. 3 G and Fig. S3 A) . Furthermore, Chmp4c was required for cold-stable microtubule polymers in GFP-positive cells expressing a dominant negative mutant Vps4 protein fused to GFP (GFP :Vps4 -K173Q), which inhibits ESC RT-dependent membrane remodeling (Babst et al., 1998; Morita et al., 2007; Hurley, 2015) and abscission (Petsalaki and Zachos, 2016; Fig. 3 G and Fig. S3 B) .
Chmp4c-S210 was not phosphorylated at kinetochores in prometaphase cells ( Fig. S3 C) . Also, GFP-positive cells expressing GFP :Chmp4c -S210A or GFP :Vps4 -K173Q exhibited reduced frequency of cells at midbody stage compared with untreated or cells expressing WT Chmp4c :GFP (controls) despite a similar percentage of cells in prometaphase ( Fig. S3  D) . These results suggest that expression of Chmp4c-S210A or Vps4-K173Q does not prevent mitotic entry but causes cells to disassemble their midbodies more rapidly than controls, thus confirming that Vps4-K173Q and Chmp4c-S210A disrupt ESC RT functions under the experimental conditions used in our study. We propose that Chmp4c promotes stable kinetochore-microtubule attachments independently of its role in membrane remodeling.
Chmp4c is required for optimal localization of spindle checkpoint proteins to kinetochores
Spindle checkpoint defects can promote chromosome missegregation. In the absence of spindle poisons, depletion of Chmp4c diminished localization of ZW10, Rod, Mad1, and Mad2 :GFP to prometaphase kinetochores compared with control cells (Fig. 4 , A-F). ZW10, Rod, Mad1, Mad2 :GFP, BubR1, or Zwilch protein levels per se were not affected by Chmp4cdepletion ( Fig. S3 , E-G). Aurora B kinase promotes recruitment of ZW10 to kinetochores (Kasuboski et al., 2011) . However, Chmp4c-deficient cells exhibited similar levels of total Aurora B at centromeres or phosphorylated Aurora B-S331 at kinetochores, a marker of Aurora B activation (Petsalaki et al., 2011) , compared with controls ( Fig. S4 , A-C). Also, BubR1 kinetochore levels were reduced but remained detectable in Chmp4c-deficient compared with control cells (Fig. 4 G) . These results suggest that Chmp4c is required for optimal spindle checkpoint signaling.
Chmp4c-deficient cells exit mitosis after microtubule depolymerization
To further investigate a role for Chmp4c in the spindle checkpoint, cells were incubated with 3.32 µM nocodazole to completely depolymerize kinetochore-microtubules (Petsalaki and Zachos, 2014) . Chmp4c-depleted cells exhibited reduced mitotic index after prolonged nocodazole treatment compared with controls ( Fig. 5 A and Fig. S4 D) . Time-lapse analysis of BE cells for up to 12 h in nocodazole with the use of phase contrast showed that Chmp4c-depleted and control cells entered mitosis with similar kinetics as determined by NEBD and chromosome condensation ( Fig. S4 E) . However, all control cells that entered mitosis (n = 76) remained arrested in mitosis with condensed chromosomes for the duration of the experiment, whereas 76 of 85 (89%) mitotic Chmp4c-deficient cells decondensed their chromosomes after 109 ± 70 min (n = 76; Fig. 5 B and Videos 7 and 8). Also, Chmp4c-deficient and control cells entered mitosis with similar kinetics in the presence of 1 µM taxol, which stabilizes microtubules (Petsalaki and Zachos, 2014) and remained arrested in mitosis for the duration of the experiment, in agreement with our findings that Chmp4c does not localize to kinetochores in taxol-treated cells (Fig. S4 F) . Consistent with mitotic exit in the presence of nocodazole, Chmp4c-deficient cells degraded cyclin B prematurely and failed to sustain high levels of Cdk1-associated kinase activity compared with controls ( Fig. 5 , C and D). Expression of resistant WT Chmp4c :GFP or mutant GFP :Chmp4c -S210A, which is defective for the abscission checkpoint, but not GFP alone, rescued mitotic accumulation in GFP-positive cells depleted of endogenous Chmp4c compared with controls ( Fig. 5 E) . Furthermore, Chmp4c was required for mitotic accumulation in cells expressing the GFP :Vps4 -K173Q mutant protein that inhibits ESC RT-dependent membrane remodeling (Fig. 5 E; Babst et al., 1998; Morita et al., 2007) . We propose that Chmp4c is required for mitotic arrest when kinetochores are unattached by nocodazole-treatment and that this function of Chmp4c is independent of its roles in membrane-directed activities.
Chmp4c and ZW10 localize to kinetochores in an interdependent manner
Depletion of Chmp4c in cells treated with nocodazole and MG132 to inhibit mitotic exit diminished localization of Mad2 :GFP, ZW10, and Zwilch to kinetochores compared with controls (Fig. 5, F and G; and Fig. 6 , A-C). BubR1 was also reduced from kinetochores by ∼55% in Chmp4c-deficient cells compared with controls ( Fig. 6 D) . Expression of GFP :Chmp4c -S210A, resistant to degradation by siChmp4c-2, rescued localization of ZW10 to kinetochores in GFP-positive cells depleted of the endogenous Chmp4c compared with cells expressing GFP only ( Fig. 6 E) , further supporting that Chmp4c spindle checkpoint functions are independent of ESC RT membrane functions. However, Chmp4c-deficient or control cells exhibited similar levels of ZW10 at kinetochores in the presence of taxol ( Fig. S4 G) . Also, depletion of ZW10 impaired localization of Chmp4c to prometaphase kinetochores in the absence of spindle drugs or in the presence of nocodazole 
Chmp4c binds to ZW10
GST-Chmp4c associated with ZW10 in pull-down experiments ( Fig. 7 A) . Also, the endogenous Chmp4c coimmunoprecipitated with ZW10 in mitotic-enriched cell extracts ( Fig. 7 B) . Mapping of the ZW10 binding site on Chmp4c showed that the 78-233-amino acid region of human Chmp4c was required and sufficient for ZW10-binding (Fig. 7, C and D) . The C-terminal sequence of Chmp4c (amino acids 216-233) contains an amphipathic helix that mediates interaction with the Chmp4c binding partner ALIX (McCullough et al., 2008) . To investigate whether the ALIX-binding region of Chmp4c is required for binding to ZW10, we generated a GST-Chmp4c (1-215) truncation mutant lacking the ALIX-binding domain of Chmp4c or a GST-Chmp4c-L228A protein harboring mutation of Leucine-228, inside the Chmp4 recognition helix, to Alanine (McCullough et al., 2008) . Both these proteins exhibited reduced binding to ZW10 in pull-down experiments compared with the WT GST-Chmp4c ( Fig. 7 E) . Also, purified His-tagged Chmp4c interacted with GST-ZW10 but not with GST in vitro, as determined by Western blotting or Coomassie staining of the gel in pulldown experiments (Fig. 7, F and G) . Collectively, we propose that Chmp4c directly binds to ZW10 at kinetochores through a small C-terminal region containing the ALIX binding domain. In addition, Chmp4c associated with ZW10 in untreated cell extracts and colocalized with ZW10 in perinuclear compartments in interphase cells (Fig. S5, A 
Constitutive Chmp4c kinetochore targeting induces a checkpoint metaphase arrest
Spindle checkpoint proteins, such as the RZZ complex and Mad1-Mad2, are reduced from kinetochores after chromosome alignment (Kops and Shah, 2012) . We therefore investigated whether tethering Chmp4c to kinetochores by expressing the constitutively kinetochore localized Chmp4c :Mis12 :GFP dissociates chromosome alignment from checkpoint signaling (Maldonado and Kapoor, 2011; Ballister et al., 2014) . Expression of full-length (WT) Chmp4c fused to Mis12 :GFP increased the mitotic index of GFP-positive cells compared with GFPonly controls, and ∼76% of Chmp4c :Mis12 :GFP mitotic cells were in metaphase ( Fig. 8 A) . Also, in cells expressing Chmp4c :Mis12 :GFP, localization of ZW10, Mad1, and Zwilch to kinetochores in the metaphase plate was increased compared with GFP-only, indicating a checkpoint arrest (Fig. 8, B-D; and Fig.  S5 C) . In contrast, cells expressing the mutant Chmp4c-L228A, which does not bind to ZW10, fused to Mis12 :GFP exhibited reduced localization of ZW10 to metaphase plate kinetochores, and the mitotic index was significantly lower compared with cells expressing the WT Chmp4c :Mis12 :GFP (Fig. 8, A, B, and D) . Furthermore, depletion of ZW10 by siRNA prevented mitotic accumulation in cells expressing WT Chmp4c :Mis12 :GFP ( Fig. 8 A) . These data show that forced localization of Chmp4c to kinetochores induces a metaphase arrest that is dependent on ZW10 kinetochore binding. This arrest is likely not due to unstable kinetochore-microtubule attachments because coldstable microtubule bundles and chromosome alignment in cells expressing Chmp4c :Mis12 :GFP were similar with GFP-controls ( Fig. S5, D-G) . We propose that Chmp4c kinetochore localization dictates spindle checkpoint activity.
Discussion
Chmp4c, a protein of the ESC RT complex, delays abscission in late cytokinesis; however, a role for Chmp4c in the spindle checkpoint has not been previously reported. Here, we show that human Chmp4c localizes to prometaphase kinetochores in the absence of spindle poisons or after treatment of cells with a concentration of nocodazole that completely depolymerizes spindle microtubules (Petsalaki and Zachos, 2014) . However, Chmp4c is reduced from kinetochores in chromosomes aligned at the metaphase plate or in prometaphase cells treated with taxol, which stabilizes microtubules. Chmp4c is required for optimal chromosome alignment and segregation in the absence of spindle poisons and for mitotic arrest when kinetochores are unattached by nocodazole-treatment. Furthermore, Chmp4c binds to ZW10 in cell extracts and in vitro and promotes localization of the RZZ and Mad1-Mad2 complexes to prometaphase kinetochores. We propose that Chmp4c acts as a loading factor for the RZZ to unattached kinetochores. These results are consistent with recent findings that RZZ can localize to kinetochores independently of Knl1 and Bub1 in human cells (Caldas et al., 2015; Silió et al., 2015) . However, Chmp4c is dispensable for ZW10 kinetochore localization and mitotic arrest in cells treated with taxol.
We also show that constitutive Chmp4c kinetochore targeting induces a ZW10-dependent checkpoint metaphase arrest suggesting that Chmp4c kinetochore localization prevents dynein-dependent removal of the RZZ and Mad1-Mad2 from attached kinetochores. Chmp4c could inhibit dynein function or make the attachment of RZZ/Mad1 to kinetochores so tight that it cannot be disrupted by dynein. Recently CENP-I, a member of the constitutive centromeric-associated network, was also reported to oppose dynein-mediated stripping by an unidentified mechanism (Matson and Stukenberg, 2014) .
On the basis of those findings, we propose the following model for the role of Chmp4c in the spindle checkpoint: In prometaphase (Fig. 8 E) , Chmp4c localizes to unattached kinetochores and promotes localization of the RZZ and Mad1-Mad2 to kinetochores to activate the spindle checkpoint. Upon formation of bipolar kinetochore-microtubule attachments in metaphase ( Fig. 8 F) , Chmp4c dissociates from kinetochores leading to dynein-dependent stripping of RZZ and Mad1-Mad2 and spindle checkpoint silencing.
Our model may appear at odds with delayed anaphase onset in Chmp4c-deficient cells in the absence of spindle drugs, which suggests an active checkpoint. Furthermore, how does RZZ localize to kinetochores in the absence of Chmp4c in cells treated with taxol (Famulski and Chan, 2007) ? One possibility is that RZZ makes physical contacts with Knl1-Bub1 and/ or Knl1-Zwint1 complexes independently of Chmp4c (Wang et al., 2004; Varma et al., 2013; Caldas et al., 2015; Zhang et al., 2015) . Because Chmp4c is essential for RZZ kinetochore targeting when microtubules are completely depolymerized by nocodazole, we speculate that delivery of an additional factor, such as a protein or a posttranslational modification, by kinetochore-microtubules is required for the RZZ localization in the absence of spindle poisons or in taxol. For example, the Aurora B catalytic activity is enhanced by microtubule binding at kinetochores (Matson and Stukenberg, 2014) . Thus, one possibility is that, in the presence of kinetochore-microtubules, activated Aurora B phosphorylates Zwint1 at kinetochores to promote RZZ kinetochore targeting (Kasuboski et al., 2011) . Such alternative mechanisms may allow the spindle checkpoint to respond to more than one type of defect ensuring a higher level of chromosome segregation fidelity. Eventually however, Chmp4c-deficient cells fail to sustain the anaphase delay and enter anaphase with misaligned chromosomes.
Chmp4c is also required for stable kinetochore-microtubule attachments. Because RZZ regulates formation of Ndc80-mediated microtubule end-on attachments through an incompletely understood mechanism (Gassmann et al., 2008; Cheerambathur et al., 2013) , one possibility is that misregulated RZZ localization results in destabilized kinetochore-microtubules in Chmp4c-deficient cells. Alternatively, Chmp4c may directly bind and stabilize kinetochore-microtubules or regulate the KMN protein network that mediates kinetochore-microtubule attachments (Varma and Salmon, 2012) . Further experiments are required to explore these possibilities.
Chmp4c also interacts with ZW10 in interphase cells. In light of the role of ZW10 in vesicle trafficking, our results suggest that the Chmp4c-ZW10 interaction is also important for cellular functions outside the kinetochore and support a crosstalk between membrane trafficking and the mitotic spindle checkpoint (Hirose et al., 2004; Civril et al., 2010) . Chmp4a and Chmp4b also harbor Alix-binding motifs in their C-terminal ends (McCullough et al., 2008) . It is therefore possible that additional Chmp4 proteins interact with ZW10 in membrane compartments. In addition, it was recently shown that Chmp proteins participate in mitotic spindle disassembly and nuclear envelope resealing in telophase (Olmos et al., 2015; Vietri et al., 2015) . Although a role for Chmp4c in these processes has not been established, animal cells may use Chmp proteins to help coordinate chromosome alignment and segregation with the late stages of cell division to ensure the ordered coupling of these mitotic processes. In conclusion, our study describes the identification of a novel kinetochore component that regulates spindle checkpoint signaling to ensure accurate chromosome segregation in human cells.
Materials and methods
Antibodies
Mouse monoclonal antibodies against GST (B-14), Rod (43-K), and CENP-B (F-4; Fig. 1 E and Fig. S4 G) and rabbit polyclonal antibodies against CENP-B (H-65), Cyclin B1 (H-433), His (H-15), and GFP (sc-8334) were obtained from Santa Cruz Biotechnology. Antibodies against Mad1 (ab5783, mouse monoclonal), BubR1 (ab4637, rabbit polyclonal, used for Western blotting in Fig. S3 G) , and Chmp4c (ab155668, rabbit polyclonal) were obtained from Abcam. Mouse monoclonal antibodies against CENP-A (3-19; GTX13939) and Hec1 (9G3.23; GTX70268) were obtained from Genetex, and mouse monoclonal antibodies against α-tubulin (DM1A) and actin (AC-40) were obtained from Sigma-Aldrich. Anti-pS331 is a rabbit polyclonal antiserum raised against phosphorylated S331 of human Aurora-B (Petsalaki et al., 2011) . A sheep polyclonal antibody against human BubR1 (used for immunofluorescence) was from S. Taylor (University of Manchester, Manchester, England, UK), and rabbit polyclonal antibodies against human ZW10 and Zwilch were from A. Musacchio (Max Planck Institute of Molecular Physiology, Dortmund, Germany). Anti-pChmp4c rabbit polyclonal antiserum against phosphorylated S210, S214, and S215 of human Chmp4c was a gift from P.P. D'Avino (University of Cambridge, Cambridge, England, UK; Capalbo et al., 2012) .
Plasmids and cloning
Plasmids pCR3.1 GFP-EXN/chmp4c and pCR3.1 GFP-EXN/chmp4b encoding human Chmp4c or Chmp4b fused to GFP, respectively, were from P. Bieniasz and T. Zang (The Aaron Diamond AIDS Research Center, New York, NY; Jouvenet et al., 2011) . pCMV GFP :Chmp4a encoding human Chmp4a fused to GFP was from P.P. D'Avino (Capalbo et al., 2012) . Plasmid pEGFP-vps4-K173Q encoding human Vps4 harboring the Lysine 173 to Glutamine (K173Q) point mutation fused to EGFP into pEGFP-C1 vector (Clontech) was a gift from W. Sundquist (University of Utah, Salt Lake City, UT; Morita et al., 2007) . To generate pGEX4T1/hChmp4c vectors encoding WT or truncated forms of GST-tagged human Chmp4c, Chmp4c cDNA sequences were amplified by PCR by using pCR3.1 GFP-EXN/chmp4c as the template and cloned into the pGEX4T1 vector (GE Healthcare) as BamHI-XhoI fragments. For pET28/hChmp4c vector encoding His-tagged human Chmp4c, full length Chmp4c cDNA was amplified by PCR by using pCR3.1 GFP-EXN/chmp4c as the template and cloned into the pET28a(+) vector (EMD Millipore) with XhoI-EcoRI. To generate the pcDNA4/GFP/Mis12/hChmp4c vector coding for N-terminal fusion of WT human Chmp4c to GFP :Mis12, the Chmp4c sequence was amplified by PCR and cloned into the pcDNA4/GFP/ Mis12 vector (a gift from G. Kops, University Medical Centre Utrecht, Utrecht, Netherlands) as XhoI-EcoRI fragment. To generate plasmid pGEX4T1/hZW10 coding for full length GST-tagged human ZW10, the ZW10 cDNA was amplified by PCR by using pACEBac1/ZW10 (a gift from A. Musacchio) as the template and cloned into the pGEX4T1 vector with BamHI-SalI. All plasmids were completely sequenced.
siRNA sequences
Negative siRNAs (a pool of four different siRNAs: 5′-UAA GGC UAU GAA GAG AUAC-3′, 5′-AUG UAU UGG CCU GUA UUAG-3′, 5′-AUG AAC GUG AAU UGC UCAA-3′, and 5′-UGG UUU ACA UGU CGA CUAA-3′) were from Thermo Scientific. Human Chmp4c located in the open reading frame (5′-GCU UGG GCU ACC UAA ACUA-3′), Chmp4c-2 located in the 3′-untranslated region (5′-GUA GAG GAG UCU UAU AUGA-3′), ZW10 (a pool of three different siRNAs: 5′-GCA UGG AGC UCA CAA UACA-3′, 5′-CCA AGU AUU UGC ACC UUUA-3′, and 5′-CAA GCC AGC UUG CAA GAAA-3′), Chmp4a (a pool of three different siRNAs: 5′-CAA ACU GAC GGG ACA UUAU-3′, 5′-CUG AGU GGG UAU CCU GAUA-3′, and 5′-GAA GGA UCU UGC UAC AGAA-3′), and Chmp4b (a pool of three different siRNAs: 5′-CAA CAU GGA CAU CGA UAAA-3′, 5′-CAG UCC CUC UAC CAA AUGU-3′, and 5′-GCU GAA UCC UCA AUG GAAA-3′) siRNAs were obtained from Santa Cruz Biotechnology. Only the sense sequences of the siRNA duplexes are shown.
Mutagenesis
To generate Chmp4c-L228A (Leucine 228 to Alanine), the T682G and T683C point mutations were introduced to the human Chmp4c siRNA by using the Q5 site-directed mutagenesis kit (New England Biolabs). The pCR3.1 GFP-EXN/chmp4c was used to generate T628G point mutation, changing Chmp4c-S210 to alanine (Petsalaki and Zachos, 2016) .
Protein purification
His-tagged human Chmp4c was expressed in BL21 (DE3) cells (Agilent Technologies) and purified by using the 6ΧHis purification kit (B-PER; Thermo Fisher Scientific). GST-tagged proteins were expressed in BL21 (DE3) cells and purified by using glutathione-agarose beads (Santa Cruz Biotechnology) or were eluted from beads by using the GST spintrap purification module (GE Healthcare).
Cell culture and treatments
Human colon carcinoma BE cells and cervical carcinoma HeLa cells were gifts from C. Marshall (Institute of Cancer Research, London, England, UK) . BE cells are diploid and contain an oncogenic Kras-G13D mutation as well as the BRAF-G463V oncogenic mutation (Davies et al., 2002; Vial et al., 2003; Petsalaki and Zachos, 2014) . Cells were grown in DMEM (Gibco) containing 10% FBS at 37°C in 5% CO 2 and treated with 3.32 µM nocodazole (Applichem), 1 µM taxol (Applichem), or 10 µg/ml MG132 (474790; Calbiochem) as appropriate. Negative siRNA or siRNA duplexes designed to repress human Chmp4c, Chmp4a, Chmp4b, or ZW10 were transfected into cells 24 h before analysis or further drug treatment by using Lipofectamine 2000 (Invitrogen). For expression of GFP proteins, plasmids were transfected into cells in the absence or presence of appropriate siRNA duplexes 24 h before analysis or further drug-treatment by using Turbofect (Life Technologies).
Experiments were generally performed in BE cells unless otherwise stated. Transient expression of GFP-tagged proteins was more uniform in HeLa compared with BE cells; therefore, most rescue experiments were performed in HeLa cells as specified, and cells exhibiting relatively low GFP kinetochore levels were analyzed by fluorescence microscopy. All cell lines used exhibited consistent morphology and growth properties and were negative for mycoplasma contamination.
Enrichment of cells in mitosis (nocodazole and "shake-off")
Cells were treated with 3.32 μΜ nocodazole for 16 h and mitotic cells isolated by "shake-off." Microscopic examination had shown ∼70-80% of cells were in prometaphase after this treatment compared with 2-3% in untreated cells.
Time-lapse imaging
HeLa or BE cells were seeded onto Petri dishes with a 30-mm glass base (Greiner). An inverted fluorescence microscope (Observer D1; Zeiss) was used. Fluorescence images were taken by using a 63× Plan neofluar 0.75 NA Ph2 objective (Zeiss) and phase-contrast images with a 20× Plan neofluar 0.40 NA Ph2 objective (Zeiss). Imaging was performed in air, at 37°C in 5% CO 2 , by using a Zeiss AxioCam MRm camera and the Zeiss ZEN2 acquisition software.
Indirect immunofluorescence microscopy
For Chmp4c or Rod staining, cells were fixed in ice-cold methanol for 5 min at −20°C, washed twice with PBS at room temperature, and immunostained. For phospho-Aurora B-S331 or phospho-Chmp4c-S210, S214, and S215 staining (Petsalaki and Zachos, 2016) , cells were extracted in prewarmed (37°C) Phem buffer (60 mM Pipes, 25 mM Hepes, pH 7.0, 10 mM EGTA, and 4 mM MgSO 4 ) supplemented with 0.5% CHA PS and 100 nM microcystin (Sigma-Aldrich) for 5 min at room temperature, fixed with prewarmed (37°C) 4% paraformaldehyde in Phem buffer for 10 min at room temperature, permeabilized in 0.5% Triton X-100 in Phem buffer for 2 min at room temperature, washed twice with PBS, and immunostained as appropriate. For ZW10, Zwilch, or GFP staining, cells were fixed in 4% paraformaldehyde in cytoskeleton buffer (1.1 M Na 2 HPO 4 , 0.4 M KH 2 PO 4 , 137 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM EGTA, 5 mM Pipes, and 5 mM glucose, pH 6.1) for 5 min at 37°C, permeabilized in 0.5% Triton X-100 in cytoskeleton buffer, washed twice with PBS at room temperature, and immunostained.
FITC-or rhodamine-TRI TC-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used as appropriate. DNA was stained with 10 µM TO-PRO-3 iodide (642/661 nm; Invitrogen), and cells were mounted in Vectashield medium (Vector Laboratories). Images were collected by using a laser-scanning spectral confocal microscope (TCS SP2; Leica), LCS Lite software (Leica), and a 63× Apochromat 1.40 NA oil objective. The low-fluorescence immersion oil (11513859; Leica) was used, and imaging was performed at room temperature. Average projections of image stacks were obtained by using the LCS Lite software.
To analyze fluorescence intensities, background readings were subtracted, and green/red fluorescence intensities were quantified by using LCS Lite. For cyclin B or tubulin fluorescence intensities (cold assays), background readings were subtracted, and cyclin B or tubulin fluorescence for each mitotic cell was quantified by analyzing an equal image area by using ImageJ (National Institutes of Health). For Fig. 8 D, ZW10 or Mad1 fluorescence intensity signals were quantified by using the LCS Lite ellipse tool by analyzing an equal image area around each kinetochore, and intensity values were normalized versus values obtained by analyzing an identical area within the cell adjacent to the kinetochores (Petsalaki and Zachos, 2016) . Centromere or spindle length was measured with the use of the LCS Lite line tool.
Cold-induced microtubule depolymerization
To induce microtubule disassembly of non-kinetochore microtubules, cell media was replaced with ice-cold media, and cells were incubated on ice for 4-15 min as indicated. Subsequently, cells were fixed in 4% paraformaldehyde in cytoskeleton buffer, permeabilized in 0.5% Triton X-100, and stained for α-tubulin, and prometaphase cells were examined by fluorescence microscopy.
Mitotic and prometaphase indices
Cells were fixed in 4% paraformaldehyde in cytoskeleton buffer, permeabilized in 0.5% Triton X-100, stained, and examined for condensed chromatin (mitotic indices) or mitotic spindle formation (prometaphase indices) by fluorescence microscopy. For experiments with GFP-tagged proteins, the mitotic index was calculated as the percentage of mitotic green cells/total green cells.
Cdk1 immunoprecipitation and kinase assay
For Cdk1 immunoprecipitations, cells were sonicated three times for 10 s in ice-cold immunoprecipitation/kinase buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% Tween 20, 0.1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 1 mM sodium fluoride, 10 mM sodium β-glycerophosphate, and 0.1 mM sodium vanadate) and incubated for another 30 min on ice. 1 mg cell lysate was incubated with 0.5 µg anti-Cdk1 antibody for 16 h followed by the addition of 10 µl protein A/G PLUS-agarose beads (Santa Cruz Biotechnology) for 1 h at 4°C. Samples were spun down and washed three times with immunoprecipitation/kinase buffer and three times with kinase buffer (50 mM Hepes, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , and 1 mM DTT). Immunoprecipitated proteins on agarose beads were included in a 20-µl reaction in kinase buffer containing 1 µg histone H1 protein (Upstate), 50 µM ATP, and 2 µCi γ-ATP for 30 min at 30°C before analysis by SDS-PAGE. Radioactive labeling of the H1 substrate was determined by autoradiography.
Protein coimmunoprecipitation, GST pull-down and in vitro binding assays
Cells were lysed as described in the previous paragraph. For coimmunoprecipitations, 1 mg cell lysate was incubated with 1 µg antibody for 16 h followed by the addition of 10 µl protein A/G PLUS-agarose beads for 1 h at 4°C. For GST pull-downs or in vitro binding assays, 0.5 mg cell lysate or 0.5-1 µg purified His-Chmp4c, respectively, was incubated with 1-2 µg GST-protein on glutathione-agarose beads for 4 h, at 4°C. Samples were spun down and washed three times with immunoprecipitation/kinase buffer, and immunoprecipitated proteins on agarose beads were analyzed by SDS-PAGE and Western blotting.
Western blotting
Cells were lysed in ice-cold, whole-cell extract buffer (20 mM Hepes, 5 mM EDTA, 10 mM EGTA, 0.4 M KCl, 0.4% Triton X-100, 10% glycerol, 5 mM NaF, 1 mM DTT, 5 µg/ml leupeptin, 50 µg/ml PMSF, 1 mM benzamidine, 5 µg/ml aprotinin, and 1 mM Na 3 VO 4 ) for 30 min on ice. Lysates were cleared by centrifugation at 15,000 g for 10 min, analyzed by SDS-PAGE, and transferred onto nitrocellulose membrane (Santa Cruz Biotechnology).
Densitometry
Densitometric analysis of bands was performed using ImageJ.
Statistical analysis
For kinetochore fluorescence or centromere length, several kinetochore pairs or centromeres per cell from a minimum of six cells per experiment from three independent experiments was analyzed for each treatment, and SD was calculated. For spindle length, ten cells per experiment from three independent experiments were analyzed for each treatment, and SD was calculated. For cyclin B or tubulin fluorescence, 30 cells per experiment from three independent experiments were analyzed for each treatment, and SD was calculated. For chromosome misalignment, SD from the mean from three independent experiments was calculated, and 30 cells per experiment and per treatment were analyzed. For chromosome missegregation and the micronuclei or mitotic index, SD from the mean from three independent experiments was calculated, and 100 cells per experiment and per treatment were analyzed. Statistically significant differences between two groups were calculated by using Student's t test. Statistically significant differences between three or more groups (Fig. 1 C; Fig. 3 , D and F; and Fig. 8, A and D) were determined by one-way ANO VA followed by Student's t test between two groups. No statistical method was used to predetermine the sample size.
Online supplemental material
Fig. S1 shows that Chmp4c does not localize to kinetochores in taxoltreated cells and that Chmp4c-deficient cells exhibit delayed anaphase onset in the absence of spindle drugs compared with controls. Fig. S2 shows that Chmp4c-deficient HeLa cells exhibit increased chromosome misalignment and missegregation and reduced cold-stable microtubule polymers compared with controls; it also shows that Chmp4a and Chmp4b do not localize to kinetochores. Fig. S3 shows cold-stable microtubule polymers in cells expressing Chmp4c-S210A or Vps4-K173Q; it also shows that expression of Chmp4c-S210A or Vps4-K173Q reduces the midbody index compared with WT Chmp4c or untreated cells. Fig. S4 shows localization of Aurora B and phosphorylated Aurora B-S331 to centromeres or kinetochores in Chmp4c-deficient or control cells and shows mitotic entry, mitotic indices, and ZW10 localization in cells treated with taxol. Fig. S5 shows Chmp4c-ZW10 interaction in untreated cells; it also shows Zwilch localization, cold-stable microtubule polymers, and chromosome alignment in cells expressing Chmp4c :Mis12 :GFP or GFP-only. Video 1 shows a control HeLa H2B :RFP cell exhibiting successful chromatin alignment in metaphase and segregation in anaphase. Video 2 shows a Chmp4c-depleted HeLa H2B :RFP cell entering anaphase with misaligned chromatin. Videos 3 and 4 show progression of a control and a Chmp4c-depleted HeLa H2B :RFP cell, respectively, from NEBD to anaphase. Videos 5 and 6 show progression of a control and a Chmp4c-depleted BE cell, respectively, from NEBD to anaphase. Video 7 shows a control BE cell arrested in mitosis in the presence of nocodazole. Video 8 shows a Chmp4c-deficient BE cell entering mitosis but decondensing its chromatin and becoming multinucleated in the presence of nocodazole.
